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ABSTRACT 
 

At ambient pressure the orthorhombic perovskites R-orthoferrites (R ≡ Lu, Eu, Y, Pr, and 
La) exhibit very large optical gaps. These large- gap Mott insulators in which the 3d5 high-spin 
ferric ions carry  large local moments and magnetically order at TN > 600 K, undergo a sluggish 
structural first-order phase transition in the 30-50 GPa range, with the exception of the LuFeO3 
which undergoes an isostructural volume reduction resulting from a high to low-spin crossover. 
High-pressure methods to 170 GPa using Mössbauer spectroscopy, resistance, and synchrotron-
based XRD in diamond anvil cells were applied. Following the quasi-isostructural volume reduc-
tion (3-5%) the new phase the magnetic-ordering temperature is drastically reduced, to ~ 100 K, 
the direct and super-exchange interactions are drastically weakened, and the charge-transfer gap 
is substantially reduced. The high-pressure (HP) phases of the La and Pr oxides, at their incep-
tion, are composed of high- and low-spin Fe3+ magnetic sublattices, the abundance of the latter 
increasing with pressure but HP phases of the Eu, Y, and Lu oxides consist solely of low-spin 
Fe3+. Resistance and Mössbauer studies in La and Pr orthoferrites reveal the onset of a metallic 
state with moments starting at P > 120 GPa. Based on the magnetic and electrical data of the lat-
ter species, a Mott phase diagram was established.  

 
INTRODUCTION 

 
The rare-earth orthoferrites - RFeO3 - crystallize in a distorted orthorhombic structure, a de-

rivative of cubic perovskite, with space group Pbnm. The unit cell contains four equivalent Fe3+ 
ions situated at octahedral centers formed by six nearest-neighbor oxygens. The tilting of the oc-
tahedral axes with respect to the c-axis is minimal, of the order of 10 mrads.[1]. The common 
apex of two adjacent octahedral is the intervening R3+ cation that provides the superexchange 
interaction path between two iron atoms. Thus, each iron ion is coupled by superexchange to six 
iron nearest neighbors resulting in relatively high Néel temperatures (TN) ranging from 620 to 
740 K for Lu and La, respectively. The ferric ions are antiferromagnetically coupled. The main 
motivation for this systematic study is the unique opportunity to vary the R-cation size, keeping 
practically the same ambient-pressure crystallographic structure and same nature of the R3+ - O 
chemical bond thus allowing to examine the effect of the R3+ ionic radii, which range from 86 
pm (Lu3+) to 103.2 pm (La3+), on the evolution and properties of the ensuing new high-pressure 
phases.  

Recently a detailed experimental study of the pressure-induced Mott-Hubbard phase dia-
gram of the large La- and Pr-orthoferrites has been published [2]. Those results and previously,  



in hematite (Fe2O3) [3], are the only cases in which concurrent structural and electronic transi-
tion has been reported for transition-metal ions in the d5 state such as ferric oxide. In this paper 
we report systematic studies of the high-pressure (HP) structural, magnetic, and electronic prop-
erties of the RFeO3 perovskite series with representative rare-earth compositions within the large 
(La3+, Pr3+), the intermediate (Eu3+, Y3+), to the smallest, Lu3+ R-cations. These compounds, 
characterized by large optical gaps and large on-site Fe3+ magnetic moments determined by 
Hund’s rules, may in principle undergo an insulator-metal transition either by filling of carriers 
due to chemical doping or by high external pressure [4]. Whereas the first process will affect the 
U/t ratio by decreasing the value of U [5], the aftermath of the second process will be an increase 
of the d-band width W and therefore of the kinetic energy t. In principle both methods can pro-
vide variations in U/t for the investigation of the Mott-Hubbard system phase diagram. However, 
the main problem with chemical doping is that intricate and uncontrollable interactions may oc-
cur in such narrow d-band systems resulting in an undesired electronic and structural disorder 
and other complex phenomena unrelated to the Mott-Hubbard phenomenon [6]. Thus, external 
static pressure is the cleanest, most preferable way to study the phase diagram of a Mott-
insulator in terms of U/t only. 

Studies were carried out using the combined methods of synchrotron X-ray diffraction 
(XRD), electrical resistance (R(P,T)), and 57Fe Mössbauer Spectroscopy (MS) in conjunction 
with diamond anvil cells at static pressures to ~200 GPa.  

 
EXPERIMENTAL DETAILS 

 
The RFeO3 were synthesized by a solid-solid reaction in air of stoichiometric amounts of 

spectroscopical pure R2O3 and Fe2O3 (enriched to 25% 57Fe) at 1200 ºC. The composition and 
magnetic properties of the samples at ambient pressure were confirmed by conventional powder 
Parameters Configura-
tion 

LaFeO3 PrFeO3 EuFeO3 YFeO3 LuFeO3 

LP 0.220(1) 0.240(1) 0.23(2) 0.24(2) 0.24(2) 
HP, S=5/2 0.063(2) 0.134(1)    

 
IS (mm/s) 

 HP, S=1/2 0.036(2) 0.09(2) 0.05(1) 0.14(1) 0.23(2) 
LP 0.37(4) 0.24(3) 0.12(2) 0.11(2) 0.00(2) 

HP, S=5/2 0.590(3) 0.550(2)    
 

|QS| 
(mm/s) HP, S=1/2 1.193(2) 1.230(3) 0.550(3) 1.420(7) 1.384(5) 

LP 51.6(2) 52.4(2) 52.7(2) 50.6(2) 50.6(2) 
HP, S=5/2 46.0(2) 47.2(2)    

 
Hhf (T) 

S=1/2 37.5(2) 35.3(2) 30.3(3) 26.4(2) 14.3(4) 
TN (K) LP 740 707 662 640 623 
TM (K) HP 105 100 90 70 50 

Pc (GPa)  40 44 47 55 55 

Table 1. Values of the hyperfine interaction parameters deduced from the least-squares fitting to 
the experimental Mössbauer spectra. The LP parameters are from spectra recorded at P = PC. 
Numbers in parentheses are the statistical error, IS values are with respect to α-Fe at RT, LP 
quadrupole splitting (QS) values were deduced from the shift of the Zeeman splitting, and TN 
values were adopted from Ref. 1, TM is the magnetic-ordering temperature of the HP species, 



XRD and MS. The Tel-Aviv University (TAU) miniature piston/cylinder DAC [7] was used with 
anvils having ~200-µm diameter culet size. Samples were encapsulated in 100-µm cavities 
drilled in stainless-steel gaskets for XRD and resistance measurements and in a Re gasket for MS 
studies. Re also served as a collimator for the 14.4-keV γ-rays. For the XRD and MS studies Ar 
was used as a pressurizing medium [8]. Ruby fluorescence served as a manometer. 

X-ray diffraction measurements with synchrotron radiation were carried out at 300 K in the 
angle dispersive mode using the monochromatic bream of the ID30 station at the European Syn-
chrotron Radiation Facilities (ESRF) and the diffraction images were collected at λ = 0.4246 Å 
wavelength using image plates with typical exposure times of 5 minutes. Data were analyzed us-
ing the FIT2D program [9].  
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RESULTS 
 

The hyperfine interaction parameters deduced form the least-squares fitting of the experi-
mental Mössbauer spectra are given in table I. The parameters for the low-pressure (LP) phase 
were obtained for the highest pressure prior to the phase transition.  

 
The smallest orthoferrite; LuFeO3 
 

Mössbauer spectra of LuFeO3 at 300 K recorded at several pressures are shown in Fig. 2a. It 
is evident that between 25 – 42 GPa a sluggish magnetic/electronic phase transition occurs and is 
concluded at ~ 70 GPa. The magnetic to non-magnetic transition signals either a Mott transition, 
in which an insulator-metal transition takes place, or an ordered to a disordered magnetic transi-
tion resulting in a paramagnetic state. Preliminary analysis of our XRD data points to a unremit-
ting presence of an orthorhombic structure with a volume drop at PC of ~5%. Note (see Fig. 1) 
that within the experimental methods there is no drop in the IS [11] at PC.  

By cooling the sample at 70 GPa to cryogenic temperatures one clearly observes the onset of 
a magnetic ordering at TM ~ 50 K (see Fig. 2b). This magnetic ordering is mediated by a weak 
spin-spin interaction resulting in spin-spin (S =-1/2 ↔ S =+1/2) relaxation Mössbauer spectra [2] 
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Figure 2. (a) The evolution of the HP phase in LuFeO3 as observed by MS at RT. The HP phase is
paramagnetic and characterized by a single quadrupole-split component. (b) The onset of the 
magnetic ordering of the LS ferric moments at T < 50 K. Solid lines are the convoluted theoreti-
cal fit to the experimental spectra. The dotted lines correspond to the spectral components. 
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in which the Zeeman hyperfine manifold fluctuates within a characteristic fluctuating time τ, of 
the order of the 14.4 keV nuclear lifetime τ1/2 (~10-7 s) . This is a consequence of spin crossover, 
an electronic transition from a high to a low spin (6A1g → 2T2g) due to the substantial increase of 
the crystal field as a result of pressure [12].  

Despite the continuous albeit significant drop in the resistance, The Lu-orthoferrite remains 
an insulator up to 80 GPa. The R(P) curve is shown in Fig 3 and the R(T) curves for the highest 
pressures are shown on the inset. 
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ctra of EuFeO3 recorded at 300 K for several pressures and at 54 GPa at sev-
re shown in Figs. 4a and 4b. As in the case of Lu, the electronic HP phase 
magnetic ferric ions and by cooling to T < TM the ordered magnetically with 
 in Lu, namely through a weak exchange interaction as evident by the Möss-
ectra. The experimental spectra at T < TM were fit with a program adapted 
ickman [13] from which τ ~ 5 x 10-8 s was deduced. The theoretical spectra 
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trong T-dependence of the quadrupole splitting clearly observed (see Fig. 4b). 
ry XRD data and the IS (see Fig. 1) suggest a first-order phase transition ac-
ume drop. Similar results were obtained for YFeO3. 
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Figure 4. (a) The evolution of the HP phase in EuFeO3 as observed by MS at RT. The HP phase is
paramagnetic and characterized by a single quadrupole-split component with QS considerably 
smaller than that of YFeO3. (b) The onset of the magnetic ordering of the LS ferric moments at T 
< 90 K. Note the strong QS-temperature dependence (100 and 300 K). Solid lines are the convo-
luted theoretical fit to the experimental spectra. The dotted lines correspond to the spectral com-
ponents. 
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ure 5. (a) The Mössbauer spectra of PrFeO3 at ambient temperature as a function of pressure. The 
 phase, not like the intermediate and smallt R-orthoferrites, consists at its formation of two para-
gnetic ferric sublattices: a HS (small QS) and LS with rather equal abundance. (b) Upon cooling to 
 they become magnetically ordered, the HS with its Zeeman-split sextet and the LS component 

th its spin-spin relaxation sub-spectrum. With further pressure increase one witnesses the gradual 
 to LS conversion, reaching 100% at 70 GPa.  

Measurements to ~ 200 GPa both by MS and resistance allowed to derive the Mott-Hubbard 
hase diagram of the La and Pr orthoferrites. The order parameter used was the Hhf (Fe) which is 
roportional to magnetic moment and P which is related to t/U (Ref. 5). The diagram is shown in 
ig. 6. 



DISCUSSION 

Figure 6. The phase diagram of RFeO3 in terms of the hyperfine-field as a function of pressure. The 
solid lines are guides to the eyes, and the vertical dotted lines delineate various ranges in the Mott-
Hubbard diagram. In the LP phase, up to ~ 35 GPa, Hhf increases slightly possibly due to increase in 
TN with P. In the 35 – 50 GPa pressure range the HP and the LP phases coexist, and between 50 – 
70 GPa the HP phase is composed of both LS and HS states with the abundance of the HS decreas-
ing with pressure. Up to ~ 70 GPa the material is a bona-fide insulator (U/t > 1). Beginning at 70 
GPa, up to 120 GPa, the LS state still shows magnetic exchange with a progressive decrease of Hhf 
(magnetic moment). In this range both the correlated metal and the insulator states coexist with the 
abundance of the latter decreasing with increasing pressure. The state at P > 120 GPa is paramag-
netic, and the metal is correlated. In LaFeO3, based on extrapolation to Hhf = 0, a normal metal state 
(U/t << 1) is expected to occur at ~ 220 GPa.  
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A substantial increase in the crystal field due to pressure results in a spin-crossover in 

RFe3+O3. Consequently, a new HP phase is created in which the magnetic ordering temperature 
TM is greatly reduced, from 600-700 K to ~ 100 K. The nature of the magnetic ordering of the 
HP phase is not established. The onset of the LS phase particularly affects the crystallographic 
states of the intermediate and large orthoferrites ensuing in a volume reduction of ~ 4% 
as observed by XRD and the equation of state (see Fig. 7) and via the jump in the IS (fig. 1). It 
should be noted that in both La and Pr cases the HP phase is formed in both HS and LS species, 
not like the intermediate R-orthoferrites where the HP phase at its inception is in a pure LS con-
figuration. However the caser of LuFeO3 is strictly different. Preliminary XRD data reveals an 
continuous volume decrease with pressure accompanied by a volume drop (~4%) at PC yet 
∆IS/IS(PC) ~ 0 (see Fig. 1). A plausible explanation based on the IS results is that spin-crossover 
does not affect considerably the Fe-O octahedral volumes and that the volume change is due to 
their possible tilting with respect to c-axis. Further studies are being carried to elucidate this 
problem.  



The large R-orthoferrites, due to their large R3+ ionic radii cannot accommodate even the 
presence of ~ 50% of the LS species with its reduced octahedral volume ensuing volume shrink-
age. 
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